I. INTRODUCTION
Silicided strained-Si 1Ϫx Ge x junctions have attracted lots of attention because of their potential applications to bandgap engineering by varying the Ge fraction in the Si 1Ϫx Ge x layer. Recently advanced device structures based on the Si 1Ϫx Ge x /Si heterojunction have been demonstrated. [1] [2] [3] [4] In many device applications, it is necessary to make Schottky or ohmic contact with the epitaxial Si 1Ϫx Ge x alloys. One example is the use of silicided strained-p-Si 1Ϫx Ge x junctions in infrared detectors. With the addition of Ge in the strained Si 1Ϫx Ge x layer, it is feasible to modulate and extend the cutoff wavelength. 5 Significant efforts have thus been made to understand the phase formations and properties of metal/ Si 1Ϫx Ge x reactions. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Among the potential metal silicides, CoSi 2 is particularly attractive for its low resistivity, cubic crystal structure, relatively small lattice mismatch with Si, and its compatibility with the self-aligned silicide ͑salicide͒ scheme. At room temperature, the resistivity of CoSi 2 and its lattice constant mismatch with Si are 16 ⍀ cm and 1.2%, respectively. Three cobalt silicide phases, i.e., Co 2 Si, CoSi, and CoSi 2 , form in sequence when a Co/Si bilayer structure is annealed. 17, 18 The formation temperatures of CoSi and CoSi 2 are ϳ400 and 550°C, respectively. In addition, Co 5 Ge 7 and CoGe 2 phases are formed after annealing a Co/Ge bilayer structure at temperatures of about 300 and 600°C, respectively. 12, 19 In the past few years, the reaction of the Co/strained-Si 1Ϫx Ge x /Si system has been studied extensively. 11, 12, 15, 16 Compound formation after thermal treatment and the stability of the strained Si 1Ϫx Ge x layer during silicide formation were investigated. For the ternary phase diagram of the Co-Si-Ge system, a miscible ternary compound, Co(Si 1Ϫy Ge y ) (y Ͻ0.67), was found after low temperature furnace annealing ͑in the range from 400 to 700°C͒, which is based on the cubic CoSi structure. 20 However, the crystal structures of CoSi 2 ͑i.e., the cubic CaF 2 structure͒ and CoGe 2 ͑i.e., the orthorhombic structure͒ are different, and the reaction between Co and Si is favored more than the Co-Ge one. As a result, only the CoSi 2 phase is observed at higher temperatures ͑ϳ 700°C by furnace annealing͒. Concurrently, surface accumulation of Ge in the form of Ge-rich Si 1Ϫz Ge z precipitates is observed. 14, 21 The strained SiGe layer is widely used as the base in heterojunction bipolar transistors and as the raised source/ drain in advanced metal-oxide-semiconductor ͑MOS͒ transistors. For such applications, the Si 1Ϫx Ge x layer is usually heavily doped. Dopants will redistribute in the reaction region or may even affect the metal/Si 1Ϫx Ge x reaction during thermal processing. The effects of high dopant concentration on the Co silicidation process and the redistribution of dopa͒ Electronic mail: u8511522@cc.nctu.edu.tw ants during silicidation were studied. 22 Surface accumulation of boron redistributed from the Si consumption layer was observed. Furthermore, a comparison between B and Sb dopants in Co/Si 0.8 Ge 0.2 during silicidation was reported recently. 23 While both dopants were found to accumulate at the surface, boron atoms were also found to be trapped at the interface between the Co-rich surface layer and the monosilicide region. In addition, a significant accumulation of Ge between the unreacted SiGe and the silicided region was observed on boron-doped Si 0.8 Ge 0.2 samples, suggesting that B and Ge redistributions occur. However, a detailed explanation of boron impact on Co/Si 1Ϫx Ge x compound formation and Ge redistribution due to lattice relaxation is, to the best of our knowledge, still has not been given.
In this article, we study the interfacial reaction of Co with the strained Si 1Ϫx Ge x layer, especially the effects of boron dopants on compound formation and lattice relaxation during silicidation. The phase formation at various rapid thermal annealing ͑RTA͒ temperatures and the structural characteristics were also examined. This study will be helpful for future device applications in Si 1Ϫx Ge x heterojunction bipolar transistors and advanced MOS transistors with a raised silicided Si 1Ϫx Ge x source/drain.
II. EXPERIMENTS
Strained single-crystal Si 1Ϫx Ge x thin films with xϭ0.14 and 0.09 were grown by an ultrahigh vacuum chemical vapor deposition ͑UHVCVD͒ system. 24 The UHVCVD system included a loading chamber, a water-cooled stainless-steel growth chamber, separate nozzles for process gases, and a computer-controlled gas switching box. The growth chamber was pumped with a 1000 l/s turbomolecular pump to a base pressure of 2ϫ10 Ϫ10 Torr. As the starting substrates 10-15 ⍀ cm, n-type ͑100͒ silicon wafers were used. The wafers were first subjected to a pre-clean process using a hydrogen passivation technique. Afterwards, the wafers were loaded into the loading chamber and pumped down to 10 Ϫ6 Torr with minimal delay. The wafers were then immediately transferred into the growth chamber for epitaxial growth. During the transfer process, the heater temperature was kept at 200°C. A base pressure of 10 Ϫ9 Torr was routinely obtained within 1 min of the wafer transfer process. Then, the wafers were heated to the final deposition temperature of 550°C at a ramp rate of ϳ150°C/min. For growing undoped Si 1Ϫx Ge x , pure Si 2 H 6 and GeH 4 were introduced into the growth chamber. For growing in situ boron-doped Si 1Ϫx Ge x , a 1% B 2 H 6 gas diluted in H 2 was added. The resultant boron concentration in the in situ boron-doped SiGe samples was found to be 1ϫ10 19 cm Ϫ3 , while the unintentionally doped ͑i.e., undoped͒ samples have a low boron doping level of about 1ϫ10 15 cm
Ϫ3
. The chamber pressure was maintained below 10 Ϫ3 Torr during epitaxial growth by the turbomolecular pump. The grown Si 1Ϫx Ge x epitaxial layer thickness was 100 nm for all samples used in this study.
The wafers with a grown Si 1Ϫx Ge x layer were then cleaned by a standard RCA clean and dipped in HF:H 2 O ͑1:50͒ for 30 s to remove the native oxide. After a rinse and a spin dry, the wafers were loaded into a sputter deposition chamber to deposit a 17 nm thick Co thin film. The Co film was deposited by ion beam sputtering with a base pressure of 5ϫ10 Ϫ9 Torr and the sputtering rate of Co film was 2 nm/s. Next, a 30 nm thick TiN capping layer was deposited on top of the Co film. The purpose of the TiN capping layer was to prevent oxidation of the metal film and also to improve the uniformity of the silicide formation. 25, 26 The Co/Si 1Ϫx Ge x reaction was performed in a RTA system equipped with high-intensity halogen tungsten lamps. The RTA treatment was carried out in nitrogen ambient for 30 s at different RTA temperatures. After the silicidation process, the TiN capping layer and the unreacted Co film were removed selectively by wet etching in a 4H 2 SO 4 :1H 2 O 2 ͑30%͒ solution for 5 min. The sheet resistance was measured by a conventional fourpoint probe measurement system while the structural and compositional properties of the reacted thin films were carefully examined by x-ray diffractometry ͑XRD͒, high resolution x-ray diffraction with high energy x-ray beams, Auger electron spectroscopy ͑AES͒, and secondary ion mass spectroscopy ͑SIMS͒. The high resolution asymmetric -2 x-ray diffraction measurements consisted of a Huber Cu target source with a Si͑111͒ crystal monochromator and a Ragaku scintillation NaI detector to detect the diffracted beams. The sample was mounted in air at the center of the five-circle diffractometer axes. SIMS measurements were performed in a Cameca IMS5 f apparatus. To obtain better accuracy, boron and oxygen profiles were obtained using O 2 ϩ and Cs ϩ , respectively, as the primary ion beams. Finally, the morphologies of the surfaces and interfaces were analyzed using scanning electron microscopy ͑SEM͒ and cross-sectional transmission electron microscopy ͑XTEM͒.
III. RESULTS AND DISCUSSION
Figures 1 and 2 are the AES depth profiles with different rapid thermal annealing temperatures for undoped and boron-doped Co/Si 1Ϫx Ge x /Si layers, respectively. For the samples that have undergone RTA at 500°C for 30 s, both the undoped and the B-doped samples exhibit a uniform layer of Co, Si, and Ge on top of the Si 1Ϫx Ge x /Si layer. From x-ray diffractometry, reaction of Co/Si 1Ϫx Ge x at 500°C results in the CoSi phase or the Co(Si 1Ϫy Ge y ) ternary phase, both of which will be discussed in more detail later. It should be noted that a Co 2 Si phase could not be observed in our study because this compound can also be etched by the same etching recipe used to selectively remove the unreacted Co and TiN capping layers. From Figs. 1͑a͒ and 2͑a͒, it can be seen that, for B-doped samples, Ge is released from the monosilicide region and accumulates near the surface during preferential reaction of Si with Co. In addition, the relative atomic ratio of Ge to Si for the B-doped sample in the middle of the reacted layer was less than that of the undoped sample in the same reaction. This means that the Ge composition of the Co(Si 1Ϫy Ge y ) ternary phase in B-doped sample is smaller than that in the undoped sample.
After annealing at 700°C for 30 s, the Co/Si sample was fully converted into the CoSi 2 phase, while mostly the CoSi phase and a little CoSi 2 phase were discovered for all the Si 1Ϫx Ge x base samples. For the B-doped sample, Ge accumulation was observed in the middle of the reacted Co/Si 1Ϫx Ge x layer, while a Si pileup was observed near the surface.
With the 900°C RTA, both the undoped and the B-doped samples showed an obvious Ge pileup at the upper region of the Co/Si 1Ϫx Ge x reaction layer. This pileup was even more pronounced in the B-doped sample. In addition, the number of Co atoms near the surface decreased compared to samples with 700°C RTA. Figures 1͑c͒ and 2͑c͒ also reveal that Co is well distributed over the entire Si 1Ϫx Ge x layer at higher temperature. From AES data, it can be seen that the greater Ge loss in the unreacted B-doped Si 1Ϫx Ge x layer, which had been reported recently, 23 was not observed in our experiments. In contrast, the Ge losses, ⌬x, from the underlying undoped Si 1Ϫx Ge x sample is higher than that in the B-doped Si 1Ϫx Ge x sample. As shown in Fig. 1 , ⌬x for the undoped sample annealed 500 to 700°C is 0.019 whereas ⌬x for the B-doped sample annealed 500 to 700°C is 0.011. Figure 3 demonstrates the dependence of sheet resistance on the RTA temperatures for undoped and B-doped Co/Si 1Ϫx Ge x ͑100 nm͒ layers. Conventional Co/Si samples were also measured for a comparison. At 500°C, the sheet resistance of the Co/Si sample is much higher than that of the Co/Si 1Ϫx Ge x sample. This is probably because of the relative low resistivity of the CoGe phase formation. On the other hand, the sheet resistance of the reacted Co/Si 1Ϫx Ge x films after 600 and 700°C annealing is much higher than that of the Co/Si samples. This is believed to be due to the formation of a Ge-rich surface layer by Ge segregation and highly resistive CoSi growth. From the x-ray diffraction spectra, it is seen that the CoSi 2 phase has already formed for the Co/Si reaction at these intermediate temperatures ͑i.e., 600 and 700°C͒. It is further seen from sheet resistance measurements that the sheet resistance begins to decrease for undoped samples with 700°C annealing, but the sheet resistance for B-doped samples remains high. This indicates that the formation of CoSi 2 is retarded in boron-doped samples. This may be due to the decrease in Co or Si diffusion as a result of B and Ge accumulation at the Co/Si 1Ϫx Ge x reaction interface. Moreover, the sheet resistance of all the samples is reduced to less than 10 ⍀/ᮀ after 800 and 900°C annealing, indicating the conversion of CoSi phase to CoSi 2 phase. However, the sheet resistance of the Si 0.86 Ge 0.14 sample increases dramatically again at 1000°C, implying that the agglomeration phenomenon is more serious for the Co/Si 1Ϫx Ge x sample with a higher Ge mole fraction.
The SIMS depth profiles for B-doped Co/Si 0.86 Ge 0.14 samples are shown in Fig. 4 for samples with various annealing temperatures. For the sample with 500°C RTA ͓Fig. 4͑a͔͒, surface accumulation of boron is found. Additionally, about 4ϫ10 19 cm Ϫ3 of boron atoms has accumulated in the upper Co/Si 1Ϫx Ge x reaction region for both samples with 700 ͓Fig. 4͑b͔͒ and 900°C ͓Fig. 4͑c͔͒ RTA. This phenomenon is believed to be associated with Ge and Si out diffusion during the silicidation process.
The phase formation sequence during Co reaction with Si 0.86 Ge 0.14 and the crystallographic orientation of silicide were monitored by symmetric x-ray diffraction in -2 geometry. Figure 5 shows undoped Co/Si 0.86 Ge 0.14 XRD spectra at various RTA temperatures. We can see that at 500°C RTA, the predominant phase is Co(Si 1Ϫy Ge y ) in all samples, since the Co 2 Si phase may have been removed during selective wet etching of the TiN/Co film. At 800°C, disilicide phases can be identified. In addition, the ͑200͒ and ͑400͒ orientations of the disilicide phases are very pronounced compared to other diffraction peaks in the XRD spectra. This indicates that the main crystal orientation of CoSi 2 (n00) is the same as that of the Si 1Ϫx Ge x epitaxy. Finally, after annealing at 900 and 1000°C, the orientation behavior becomes more obvious than that of the 800°C sample. The ͑111͒ and ͑220͒ orientations of the CoSi 2 peaks could not be observed for all samples at these temperatures. No Co(Si 1Ϫx Ge x ) 2 is found after high temperature Co/Si 1Ϫx Ge x reaction.
A ternary compound is not likely to form if the precursor Si-metal compound and Ge-metal compound are different in structure. Previous studies indicate that in the Co-Si-Ge system, there are two solid-solution regions. 20 In the CoSi phase, up to two thirds of the Si atoms may be replaced by the Ge atoms. Both CoSi and CoGe form cubic crystalline structures with similar lattice constants ͑i.e. Co(Si 1Ϫy Ge y ) ternary compounds, which can be calculated from the shifts of the CoSi peak position in the XRD spectra due to expansion of the CoSi lattice, shown in Fig. 6͑a͒ . The interplanar distance d of Co(Si 1Ϫy Ge y ), which is calculated by the relative amounts of CoSi and CoGe in the reacted film, can be expressed as follows:
The interplanar distance ͑d͒ is 1.981 and 2.074 Å for CoSi ͑210͒ and CoGe ͑210͒, respectively. After careful calculation of the Co(Si 1Ϫy Ge y ) ͑210͒ diffraction peaks, the ratio of CoGe to CoSi and CoGe ͑i.e., y͒ can be estimated, as shown in Fig. 6͑b͒ for all samples. For B-doped samples with 500°C annealing, the relative ratios of CoGe in Co(Si 1Ϫy Ge y ) compound y are 0.064 and 0.054 for the Co/Si 0.86 Ge 0.14 and Co/Si 0.91 Ge 0.09 samples, respectively. Moreover, these y values are nearly half the y values for undoped samples ͑i.e., yϳ0.12 in the Co/Si 0.86 Ge 0.14 sample and yϳ0.11 in the Co/Si 0.91 Ge 0.09 sample͒. These results imply that boron atoms may restrict the reaction between Co and Ge or enhance Ge segregation from the Co/SiGe reaction region. These results are also consistent with the AES depth profiles. As the RTA temperature increases, the y values for all samples decrease, meaning more severe Ge segregation in the Co/SiGe reaction region. It has been reported that the heat of formation of the equiatomic compound of CoSi ͑Ϫ7 kcal/g atom͒ is much lower than that for CoGe ͑Ϫ4 kcal/ g atom͒. Thus, in the Co/SiGe reactions at 600 and 700°C, Ge may be rejected in favor of the Co-Si reaction. Finally, only the CoSi 2 phase, not the CoGe 2 , is formed at higher temperatures due to the low consumption of energy and small lattice mismatch.
Figures 7͑a͒ and 7͑b͒ demonstrate high-resolution XRD ͑400͒ asymmetric -2 spectra of the undoped and B-doped Co/Si 0.86 Ge 0.14 layers after annealing at different temperatures. The reaction of Co with Si 1Ϫx Ge x layer could cause some changes in the quality of the Si 1Ϫx Ge x structure. The underlying Si 1Ϫx Ge x layer would be consumed gradually as the RTA temperature increases and then Si 1Ϫx Ge x lattice relaxation would occur due to lattice mismatch with the upper Co silicide layer. Lattice relaxation of the underlying Si 1Ϫx Ge x layer would cause a shift of the Si 1Ϫx Ge x (400) peak in the XRD spectra towards the Si ͑400͒ peak. Based on this shift, we can observe the degree of relaxation in the underlying SiGe region. After annealing at 700°C, the shift angle for the undoped sample is 0.07°͑i.e., from 68.21°to 68.28°͒, but the shift angle for the B-doped sample is only 0.04°͑i.e., from 68.22°to 68.26°͒. A similar result was also obtained for the Si 0.91 Ge 0.09 samples. Thus, we can conclude that for B-doped samples, lattice relaxation is inhibited. This also means that a small amount of boron (ϳ1ϫ10 19 cm Ϫ3 ) will decrease the mobility of misfit dislocations in the Si 1Ϫx Ge x lattice, similar to that observed for C in the Si 1Ϫx Ge x layer. 27 After a 900°C anneal, the AES profiles indicate that the Si 1Ϫx Ge x layer is totally consumed in all samples, so the Si 1Ϫx Ge x peaks in the XRD spectra disappear. Moreover, from the sheet resistance data shown in Fig.  3 , phase agglomeration in the Si 0.86 Ge 0.14 sample occurred with a 1000°C rapid thermal anneal. This is expected to worsen the surface roughness. The surface morphology seen in SEM micrographs for undoped Co/Si 0.86 Ge 0.14 samples annealed at 900 and 1000°C is shown in Figs. 8͑a͒ and 8͑b͒ , respectively. It can be seen that the surface becomes much rougher by increasing the RTA temperature from 900 to 1000°C. Figure 9 is a TEM micrograph of the B-doped Si 0.86 Ge 0.14 sample after 900°C RTA. Based on XRD analysis, only the CoSi 2 phase is found at this temperature, and it is represented by the large grain in the TEM micrograph. The underlying Si 0.86 Ge 0.14 layer is almost consumed and silicidation has extended into the Si region. Furthermore, we can see very clearly that there are some small decorations around the CoSi 2 grain boundaries. It has been reported that the decorations are Ge-rich Si 1Ϫz Ge z (zϾx) alloys. 23, 28 Si 1Ϫz Ge z precipitates segregate from the Co silicide region and become distributed mostly in the upper and bottom parts of the Co/Si 1Ϫx Ge x reacted region. These results confirm the trends of the AES and SIMS profiles.
To elucidate the effects of the boron on silicide reaction and the lattice distortion at the underlying Si 1Ϫx Ge x layer, we summarize below the important experimental results. At 500°C, B accumulation is very near the surface. At 700 and 900°C, boron atoms pile up at the upper Co/Si 1Ϫx Ge x reaction layer, which is between the cobalt silicide and thin Corich surface layer. The same phenomenon can be observed from the interaction of Co with the B-doped Si sample at temperatures below 500°C. 22 The reason for the B pileup may be the low solubility of boron in crystalline Co silicides (ϳ5ϫ10 19 cm
Ϫ3
). The boron atoms are pushed out of the Co/Si 1Ϫx Ge x or Co/Si silicide region. For the case of conventional Co/Si, the boron atoms accumulate at the interface between CoSi and Co-rich layers after a low temperature anneal ͑500°C͒. After higher temperature annealing ͑Ͼ500°C͒, the Co-rich layer is consumed, so the boron atoms move to the surface region. For the Co/Si 1Ϫx Ge x case, we assume that boron atoms segregate out of the monosilicide layer and are injected along the silicide grain boundaries or defects into the Ge-rich Si 1Ϫz Ge z precipitates, where the solubility of boron is higher than it is in the silicide region. This assumption could explain the phenomenon that a B pileup still occurs at the upper silicide region in the Co/Si 1Ϫx Ge x sample even after high temperature annealing ͑700 and 900°C͒. In addition, the reason why the boron pileup region is very close to the Ge accumulation region can also be explained. According to the diffraction angle of the Co͑Si 1Ϫy Ge y ) ͑210͒ phase, the CoGe fraction of the sum of CoSi and CoGe, y, in the B-doped sample is indeed smaller than that in the undoped sample. This phenomenon may be explained by the fact that boron atoms tend to accumulate with Ge atoms. In other words, B atoms may grab Ge atoms to form B-doped Si 1Ϫz Ge z clusters as the Si and Ge atoms diffuse toward the Co film. This is consistent with the results of the AES profiles that more Ge atoms tend to accumulate at the upper Co/Si 1Ϫx Ge x reaction region in B-doped samples.
The other interesting effect is the reduced mobility of misfit dislocation for lattice distortion in the underlying B-doped Si 1Ϫx Ge x layer by B atoms. Relaxation is accompanied by the formation and extension of dislocations along which the Ge and Si atoms could outdiffuse. Recently it was reported that a small-sized atom such as C could decrease the occurrence of misfit dislocation in the Si 1Ϫx Ge x layer, and therefore inhibit lattice relaxation. 27 From our high resolution XRD spectra, the lattice relaxation is indeed retarded by B atoms, similar to the effect of C atoms in the Si 1Ϫx Ge x layer.
IV. CONCLUSION
In this article, a detailed comparison of the Co reaction with undoped and in situ boron-doped strained Si 0.86 Ge 0.14 and Si 0.91 Ge 0.09 layers was made. Due to the low solubility of boron in the silicide film, boron atoms were found to segregate out of the silicide layer and were injected into the Gerich Si 1Ϫz Ge z precipitates at the upper silicide region. In addition, more Ge atoms accumulated in the same region than the undoped sample. This means that boron pileup may cause the Ge-rich Si 1Ϫz Ge z precipitates to accumulate in the upper silicide region. In addition, Ge segregation to the upper silicide region and to the monosilicide ͑and disilicide͒ boundaries was also observed from AES and TEM analyses. Furthermore, with more Ge segregation from monosilicide, a smaller fraction, y, of CoGe was incorporated into the Co͑Si 1Ϫy Ge y ) ternary phase, as seen by the XRD spectra of the Co͑Si 1Ϫy Ge y )(210) phase. Finally, we discovered for the first time that the presence of boron atoms, similar to that of carbon ones, inhibited lattice relaxation of the underlying Si 1Ϫx Ge x layer. This inhibition of lattice relaxation was probably because small atoms decrease the misfit dislocation mobility of the underlying Si 1Ϫx Ge x layer.
